Blocking angiogenesis is an effective antitumor strategy proven in many disease sites. Anti-angiogenic therapies are fulfilling the promise of improved outcomes in cervical cancer as demonstrated in several recent trials. With its overall survival improvement in metastatic or recurrent cervical cancer, a frame shift in the management of these patients has occurred. The US Food and Drug Administration approval of bevacizumab in advanced cervical cancer has led to national guidelines, including the US National Comprehensive Cancer Network guidelines for cervical cancer, including systemic regimens containing bevacizumab as first line combination therapy. Future trials will build on this anti-angiogenesis backbone via targeting additional novel pathways and potentially leading to further improved outcomes in cervical cancer.
Introduction
Cervical cancer diagnoses in the US, 1 and worldwide, 2 continues to be a major cause of morbidity and mortality among young women. Developing nations are targeting improvements in systemic therapy for cervical cancer to improve the lives of young mothers. 3 Given the worldwide prevalence of cervical cancer and the associated cost of losing young women, there is a need for better therapies.
Concurrent chemotherapy and radiotherapy are the standard of care for intermediate and locally advanced disease, 4 yet our ability to successfully manage patients with recurrent, persistent, and metastatic disease remains suboptimal. Given the overlapping toxicities of maximal systemic cytotoxic therapy and radiation therapy as well as continued suboptimal outcomes in this population, an investigation of targeted agents to improve outcomes was undertaken. Herein, we review the potential of anti-angiogenic agents in cervical cancer with current data and updated expert guidelines.
Profile of bevacizumab
Bevacizumab represents a novel therapeutic strategy targeting the vascular endothelial growth factor (VEGF) pathway. Bevacizumab is a recombinant humanized monoclonal antibody to VEGF. Likely based on the mechanism of pruning vessels, bevacizumab has shown a synergistic effect with multiple chemotherapeutic agents. 5 Bevacizumab has a role in the treatment of many cancers, including cervical cancer, colorectal cancer, and ovarian cancer, 6 with approval for multiple indications granted by the US Food and Drug Administration (FDA) last year.
The proposed mechanism of bevacizumab's paradoxical synergy with both chemotherapy and radiation, despite treatment relying on tumor perfusion and free radical generation, is explained by the vessel normalization hypothesis whereby anti-VEGF effects normalize the vasculature to improve therapeutic outcomes. 7, 8 Lee et al demonstrated synergy of bevacizumab and radiation in a preclinical study which showed improved oxygenation. 9 This effect is seen across multiple anti-angiogenic agents. 10 Current bevacizumab practice includes maintenance therapy in some clinical scenarios, even after progression, 11 though the lifespan of the vascular pruning is not clear. 12 Restoration of the vasculature to a more typical phenotype enhances tumor susceptibility to concurrent delivery of chemotherapy and radiation. 13 Given the intensive previous therapy that persistent and recurrent as well as primarily metastatic cervical cancer patients receive, it is important to be aware of the potential serious side effects. In this population treated with concurrent bevacizumab and chemotherapy, at least 20% of patients developed fatigue, anorexia, hypertension, hyperglycemia, hypomagnesemia, headache, weight loss, and urinary tract infections. One of the more serious potential side effects, gastrointestinal perforation, was seen in 3.2% of patients treated with bevacizumab. Prior pelvic radiation was associated with an 8.2% rate of gastrointestinal-vaginal fistulae with bevacizumab compared to a 0.9% rate without bevacizumab, suggesting a potential synergistic toxicity. Grade 3 venous thromboembolic events were also noted more frequently in the bevacizumab treated patients. 14 
Biological rationale of blocking angiogenesis in cervical cancer
Cervical cancer induction is attributable to human papilloma virus (HPV) infection in the vast majority of cases. 15 HPVnegative cervical carcinomas represent a distinct and rare subtype in which different biological drivers have yet to be identified. 16 For the pervasive HPV positive cervical carcinomas, HPV leads to degradation of the tumor suppressor gene, p53. Yang et al looked at the association of HPV-16, E6, and p53 expression in cervical cancer tissues compared to normal epithelium, noting that E6 expression is likely the cause of inactivation of p53 in tumor tissue, supporting the mechanism of tumorigenesis. 17 Loss of p53 leads to upregulation of hypoxia inducible factor-1 (HIF-1), which is implicated in increasing neovascularization. For cervical cancer in particular, overexpression of HIF-1 has also been identified as an independent negative prognostic marker. 18 In normal tissue, p53 will downregulate the increasing HIF-1 and VEGF expression, yet this downregulation disappears with the loss of p53. 19, 20 A meta-analysis and clinicopathologic study confirmed on multivariate analysis that HIF-1 alpha overexpression is associated with a hazard ratio of 2.57, emphasizing the importance of HIF-1 expression as a predictor of outcome in cervical cancer. 21 Beyond quantifying expression levels, markedly increased risk of cervical cancer has also been associated with the rs2057482 polymorphism in the three untranslated regions of HIF-1 alpha, which may serve as another marker for cervical cancer risk (and potential target for combination therapy). 22 The long-standing recognition that tumors are highly vascular has led to recent inquiry into the biological drivers of angiogenic stimulation. Anti-VEGF antibody, bevacizumab, was developed to take advantage of this susceptibility. 23 Tumors recruit the growth of nearby vascular endothelial cells from veins, arteries, and even lymphatic channels, resulting in the formation of new blood vessels (angiogenesis) to support tumor growth. Elevated VEGF expression has been demonstrated in various solid tumors, 24, 25 including cervical cancer. 26 Increased angiogenesis may also be a marker for enhanced biologic aggressiveness. In one series of 111 women with cervical cancer, high tumor microvascular density was a significant prognostic factor associated with poorer overall survival and local control on multivariate analysis. 27 VEGF is a dimeric glycoprotein that has been shown to trigger proliferation of endothelial cells, regulate membrane permeability, and promote recruitment of stem cells to sites of neovascularization. 28, 29 This new vessel formation does not happen in a typical robust fashion. Neovascularization from tumors branches out in a haphazard, distorted manner, lacking appropriate architecture, leading to functional abnormalities and ultimately resulting in leaky membranes, hemorrhage, and high interstitial pressure. 12, 24 VEGF ligands, on binding to their three primary receptors and two co-receptors, initiate signal transduction via dimerization. VEGF receptor 1 is primarily involved in development and is not seen as critical in tumor angiogenesis. VEGF receptor 2 is involved in tumor invasion and migration, while VEGF receptor 3 is innate to lymphatic endothelial cells and plays a role in lymph node metastasis. 29, 30 Clinically, levels of VEGF expression are significantly higher in cervical adenocarcinomas as compared to squamous cell carcinomas. 31 This may be responsible for the decreased survival and potential for metastatic spread observed for cervical adenocarcinomas as compared to squamous cell carcinomas. 32 
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Bevacizumab in the treatment of cervical cancer through intraepithelial neoplasia to invasive carcinomas providing a potential mechanism for stepwise neoplastic transformation. 33 Heavily pretreated tumors, as is usually the case for metastatic, persistent, or recurrent cervical cancers, have often acquired a variety of mutations that may confer resistance to traditional chemotherapy. Hypoxic tumors have increased VEGF signaling, providing another mechanism for resistance that is targetable by anti-angiogenic drugs. 28 Paclitaxel resistance is a major hallmark of pretreated advanced cervical cancer, and this has been associated with increased cellular autophagy. By downregulating the HIF-1 alpha pathway, one can decrease VEGF expression as well as autophagy, which can potentially re-sensitize cells to paclitaxel, possibly resulting in improved outcomes. 34 Novel approaches harnessing the patient's own immune system to improve tumor outcomes are increasingly being utilized across numerous tumor types, including cervical cancer. Recent advances include using HPV specific tumor-infiltrating T-cells has shown regression of metastatic lesions. 35 Future directions will include synergistic approaches utilizing both targeted therapies such as bevacizumab with immunomodulatory drugs. Alternative combination approaches include using VEGF targeted bevacizumab to target neovascularization, and fosbretabulin as an antivascular agent to attack existing blood vessels, as is being tested in early phase clinical trials. 36 Data supporting bevacizumab for definitive treatment of cervical cancer Randomized Phase III trials combining bevacizumab with chemotherapy and radiation are lacking for cervical cancer in the definitive setting. The initial results of the first cooperative group Phase II trial (RTOG 0417) which evaluated 49 women with bulky Stage IB-IIIB tumors has been reported. 37 All patients had bevacizumab (10 mg/kg every 2 weeks for three cycles) combined with the definitive radiotherapy and concurrent cisplatin, with toxicity as the primary endpoint. Importantly, bevacizumab was delivered for three cycles only, and no maintenance therapy was given.
In the initial publication of RTOG 0417, the gastrointestinal toxicity was relatively mild and only two of the 46 patients developed Grade 3 gastrointestinal adverse events, and no Grade 4 or 5 events were noted. Specifically, there were no gastrointestinal fistulas or perforations noted although concerns initially existed for synergistic effects between radiation and bevacizumab.
All predetermined endpoints were met with hematologic toxicity as the most prevalent among all defined adverse events. 37 The clinical outcomes, including overall survival, disease-free survival, and loco-regional control, were subsequently reported, showing a 3-year overall survival of 80.2%. 38 The 3-year disease-free survival in RTOG 0417 was 68.7%. The 3-year loco-regional failure was 23.2%. In this single arm study, these outcomes compare favorably with historical controls, such as the chemoradiation arm of the landmark RTOG 4 90-01. The concept of safely adding bevacizumab to standard chemoradiotherapy was supported in RTOG 0417.
Additional experience combining pelvic radiation with bevacizumab is reported in definitive rectal cancer in which a lower dose (5 mg/kg every 2 weeks) was chosen due to unacceptable dose limiting diarrhea and colitis at dose escalation to 10 mg/kg. While ultimately proving too toxic, the 10 mg/kg dose of bevacizumab did result in two complete responses in the neoadjuvant treatment of rectal cancer. 39 Bevacizumab alone has also resulted in substantial bowel toxicity in the treatment of ovarian cancer confirming that this will be the dose limiting toxicity when used solo or in combination with cytotoxic therapies. Potential selection methods by which this toxicity may hopefully be mitigated have been proposed. 40 One useful aspect of VEGF is the ability to measure circulating levels as a surrogate tumor marker. This has been investigated in both the invasive and preinvasive settings. A change to a hemoangiogenic phenotype from a lymphangiogenic phenotype is associated with transformation to invasion. However, the sensitivity and specificity of these circulating levels are not currently adequate for clinical use at this time. 41 Data supporting bevacizumab for metastatic, recurrent, or persistent cervical cancer
Early clinical data, consisting of a small group of six women with metastatic and heavily pretreated cervical cancer, showed a 67% response rate when combined with cytotoxic chemotherapy. 42 In this small cohort of patients, bevacizumab was also well tolerated overall, although one patient developed a Grade 4 toxicity (neutropenic sepsis), which was most likely attributable to the cytotoxic component of therapy. Based on early data in patients with few existing options, bevacizumab was introduced in clinical trials.
Monk et al reported the first Phase II trial of bevacizumab in cervical cancer conducted through the Gynecologic Oncology Group (GOG). This trial enrolled women with one to two regimens of chemotherapy beyond their initial definitive course with few options for a reasonable chance of response. Bevacizumab was delivered as palliative monotherapy (15 mg/kg every 21 days). 43 In this heavily pretreated group, single-agent bevacizumab induced an objective tumor regression in five patients (11%) and eleven patients (24%) were without progressive disease for at least 6 months. Bevacizumab actually outperformed a number of cytotoxic agents when compared with historical single-agent GOG regimens, exceeding trial expectations. [44] [45] [46] Toxicity, as described earlier, included hypertension, venous thromboembolic disease, and gastroenteritis, and generally did not lead to stopping therapy early.
GOG 240 was initiated based on these impressive results. This trial evaluated chemotherapy with and without codelivery of concurrent bevacizumab.
14 In this four-arm 2×2 factorial design trial, bevacizumab was given at the same dose as in the Phase II trial (15 mg/kg) with and without two separate chemotherapy doublets, either cisplatin plus paclitaxel or topotecan plus paclitaxel. Initial planned analysis demonstrated that the topotecan-containing doublet was not superior to the standard doublet with cisplatin. Overall survival was improved by 3.7 months in GOG 240 (17 versus 13.3 months) for those who received bevacizumab regardless of their concomitant doublet backbone. Overall response rates were also higher in those patients receiving bevacizumab as a component of therapy (48% versus 36%). Toxicity was consistent with previous bevacizumab experience, including hypertension (25%), venous thromboembolic events (8%), and gastrointestinal fistulas (3%). Carboplatin and paclitaxel are considered the standard of care for gynecologic malignancies based on their favorable toxicity profile. 47 This trial demonstrated similar outcomes to the metastatic first 48 and second line 49 colorectal as well as non-small-cell lung cancer trials, 50 confirming a significant benefit to bevacizumab in heavily pretreated patients. Quality of life has been carefully analyzed and reported from GOG 240, showing no overall decrement in quality of life. 51 This analysis used a summary index, brief pain inventory, and neurotoxicity analysis to delve into the quality of life on bevacizumab. While some suggestion of a slight difference in neurotoxicity is noted when group means are compared, the difference is not significant, providing a more robust comparison and further reassurance that there are no significant side effects from adding bevacizumab to chemotherapy. 52 Recent trials have focused on pairing bevacizumab with other agents that can rationally increase the response rate and clinical outcomes, while maintaining acceptable toxicity. A Phase I trial investigated the combination of VEGF targeted bevacizumab with an agent from an antivascular class that can better target existing vasculature (versus neovascularization). 36 This demonstrated a 39% reduction in vascularization which persisted over time and has led to an open Phase II trial testing bevacizumab monotherapy versus the bevacizumabfosbretabulin combination in recurrent or metastatic ovarian cancer with potential future applications in additional gynecologic malignancies, including cervical cancer.
Conclusion
Clinical outcomes have been disappointing in metastatic, persistent, and recurrent cervical cancer, despite utilization of the best chemotherapy and radiation regimens applied. Current and future studies are rationally applying targeted therapy in addition to the best local and systemic therapy. Bevacizumab represents an early example of this progress in cervical cancer, demonstrating an overall survival benefit with chemotherapy without a decrement in quality of life compared to chemotherapy alone.
14 Additionally, given the survival benefit observed in GOG 240 among patients previously treated with chemoradiation, one could envision an adjuvant role for bevacizumab in maintaining excellent outcomes in the high-risk cervical cancer population treated definitively. A Phase III trial would be appropriate to address this possibility and clarify the risks and benefits in this patient subset.
Improved outcomes for metastatic patients are vitally important, yet improved control in curative patients, is equally promising. While caution must be applied in overlapping therapies with chemotherapy and radiation used to in the definite setting, it is clear that targeted therapy represents a promising approach for improved outcomes. Further trials are underway attempting to do just this. 53 National guidelines targeting oncologists have upgraded the recommendations for bevacizumab to a first line option. GOG 240 met its primary endpoints without a significant decrement in quality of life, leading to a new standard for advanced cervical cancer incorporating bevacizumab with chemotherapy. 54 The US FDA approved bevacizumab for recurrent cervical cancer in 2014 as the first anti-angiogenic therapy in gynecologic malignancies to demonstrate an overall survival benefit. 55 The most recent version of the National Comprehensive Cancer Network guidelines, published in 
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Bevacizumab in the treatment of cervical cancer 2015, endorses cisplatin-paclitaxel-bevacizumab as well as topotecan-paclitaxel-bevacizumab as first line combination therapy for recurrent or metastatic cervical cancer. 56 These changes will help drive clinical practice across the country.
Practice patterns studies, available in this era of big data, reflect changing trends in local therapy based on trial results. 57 Future practice patterns data will likely reflect changing practice to incorporate bevacizumab as standard of care for recurrent and metastatic patients. Additionally, the development of nomograms to help predict outcomes such as overall survival, pelvic recurrence, and progression-free survival can help clinicians have better conversations about the potential benefits of bevacizumab in different clinical scenarios. 58 Given our rapidly increasing knowledge of cervical cancer biology, predictive biomarkers, 59 ,60 patient nomograms, 58 and functional imaging, 61 these strategies will play an important role in future patient selection for therapies utilizing immune, 35 targeted, 14 and combination targeted therapy approaches. 13 One additional concern with the increasing utilization of bevacizumab is related to the cost of care. Despite an overall survival benefit, this therapy will have limited availability in many of the countries with the highest burden of cervical cancer. 62 On Markov model analysis, the costs are primarily related to the drug, which may make this a cost-effective treatment only when biosimilars or lower cost agents are available. 63 But bevacizumab in cervical cancer is a prime example of how a rational application of targeted therapy costs in terms of additional toxicity in susceptible tumors can lead to marked improvement in outcomes. Cost modeling supports the effectiveness of this intervention, particularly when lower cost biosimilars are available. Finally, the reports of RTOG 0417 now offer prospective multi-institutional evidence of the feasibility and safety when bevacizumab is administered in addition to standard chemoradiation. However, the role of bevacizumab in the definitive setting with chemoradiation remains to be determined.
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